A multi-electrode grid lead system, suited for the measurement of the total outward electromotive force of the heart expressed as a dipole moment, was tested in 64 subjects without heart disease and in 44 patients with left ventricular overload. The normal group showed the maximum dipole moment to the left (L-MDM) to be proportional to body weight, and by inference to left ventricular weight. For the patients with heart disease, the degree of hypertrophy was assessed in terms of LV weight derived from biplane angiocardiograms; for these patients, L-MDM was found to be proportional to LV weight (r = 0.85). The grid allowed for a more accurate assessment of LV weight than parameters obtained from the Frank lead system in the same patients.
completely invalid when subjects are obese or very lean. Selzer and co-workers2 noted that variations in body build caused false positives and negatives in detecting left ventricular hypertrophy from voltage criteria. Utilizing an orthogonal electrocardiographic probe inserted into the heart on the tip of a catheter, Hirsch and others3 found that relative lead voltages are markedly affected by varying body size and anatomic proportions.
Despite the gradual recognition of the influence of these factors on surface voltages, only initial attempts4' have been made to adjust for them. Even in the pediatric age group, where differences in body size and shape are most pronounced, only broad guides for the different age groups have been devised. 6 7 As a means of circumventing some of these confounding influences, Gabor and Nelson8 in 1954 suggested utilization of the concept of the dipole moment, a measure of 719 
Figure 1
The grid multi-electrode system. the total outward electromotive force of the heart. To test the feasibility of using the dipole moment in the clinical situation, Barber and Fischmann9 in 1961 devised a multielectrode grid lead system for use with patients. They found that the voltage from an artificial dipole suspended in a saline-filled model of the torso could be closely estimated by the formula M=VA--. p, (1) where M is the moment codirectional with each of three orthogonal leads, V the lead voltage, A the projected torso area in a plane perpendicular to the lead axis, and p the "mean" torso resistivity. This replaced point-topoint measurement integration by averaging of surface potentials and made it possible to determine dipole moment by a greatly simplified restatement of the Gabor-Nelson equation.9 In torso-model experiments, the grid system proved considerably more orthogonal and uniform than the standard Einthoven-Wilson, the Frank, and other systems tested.'. 11 The system allowed for calibration of each lead based on the size of the torso of the individual subject, instead of experimentally derived identical calibration factors for all subjects as is customarily done for other lead systems.
The present study was undertaken to determine whether the grid system is more reliable than the Frank lead system in assessing left ventricular hypertrophy.
Methods

Design of the System and Determination of the Dipole Moment
A multi-electrode grid apparatus was constructed in our laboratory ( fig. 1 ). The design of Barber and Fischmann9 was modified so that the system would be adaptable to a wide range of torso sizes. Each of the two parallel grid banks of electrodes contained 120 balsa electrodes spaced 1 inch apart. The electrodes were impregnated Detail of the grid electrodes. Each balsa electrode impregnated with lithium chloride is connected through a 200 K ohm resistor to a common terminal. with a solution of lithium chloride. This is a deliquescent salt which keeps electrodes moist almost indefinitely.'2 Spot testing of the resistance between skin and electrode indicated resistances in the order of 10 K ohms. Each electrode was connected with stainless steel and copper wiring to a 200 K resistor and then to a switch box. By means of this connection the proper number of electrodes for a patient of given torso size could be readily selected ( fig. 2 ). The patient lay supine on the posterior grid, and the anterior grid was lowered over the chest. Each anterior electrode was held firmly against the chest by a spring. The potentials from all the anterior electrodes within the grid area selected were summed to form the negative pole of the anteroposterior vectorcardiographic lead Z, while a similar summation of the posterior electrodes furnished the positive pole ( fig. 3 ). Potentials from the most leftward row of electrodes just touching the patient's chest anteriorly and posteriorly were summed to form the positive pole of X, whereas the negative pole was formed from the most rightward row of anterior and posterior electrodes in contact with the patient. Because of the distance between the heart and the electrodes for the Y lead, simple head and foot electrodes were used to measure the vertically directed forces.", 13, 14 In an attempt to measure the instantaneous dipole moment of the heart, the instantaneous total surface voltage in each direction as recorded from the above described system was used to determine V in equation 1. A for lead Z was the area of the grid that touched the chest in the individual patient. In all cases this extended from Circualation, Volume XL, November 1969 the level of the clavicles to below the umbilicus, an area encompassing most of the electrically active torso surface.9 A for lead X was taken as the product of the length of the grid selected and the chest depth, which was measured separately. The area for lead Y was the area of a horizontal section through the chest at the fifth intercostal space. It was estimated from the formula for the area of an ellipse with the minor axis equivalent to the chest depth and the major axis identical to the width of the grid selected ( fig. 4 ). As measurements of resistivity were not done, a value of 480 ohm cm was used in all calculations. 8' 9, 15 From the area, width, and length of the six possible settings of the grid ( fig. 2 ) and the range of chest depths found in the subjects studied (from which Ax, Ap, and Az are calculated), a table of all the possible values of A/p that could be encountered for each lead was formed. These values were then used as settings for linear potentiometers inserted into each circuit to form the three components of the dipole moment.
Normal Subjects
Sixty-four randomly selected hospital in-patients with no evidence of heart disease were studied by the Frank and grid lead systems. The patients ranged from 2 weeks to 28 years of age. They consisted mostly of patients admitted for minor surgical procedures (tonsillectomy, dental extractions, or appendectomy) and were all ambulatory and had no evidence of any other disease.
From the grid lead system, the magnitude of the instantaneous dipole moment for each 2.5 msec of the QRS complex was estimated by summing the squares of the X, Y, and Z components and then obtaining the square root of this sum. The largest dipole moment in the left hemisphere, the leftward maximum dipole moment (L-MDM), was calculated and taken as an index of left ventricular electromotive force. In all instances, the L-MDM occurred between 20 and 40 msec, that portion of the QRS complex shown to be closely associated with depolarization of the left ventricle. '6 From the Frank lead system, the instantaneous spatial voltages were derived in an analogous manner, and the leftward maximum spatial voltage (L-MSV) was determined. Then using the same area and resistivity factors that were employed with the grid system, the L-MSV was adjusted according to equation 1 to give L-MSVA.
Subjects with Heart Disease
The 44 patients with heart disease varied in age between 2 weeks and 32 years. There were 15 with aortic stenosis, four with coarctation of the aorta, nine with ventricular septal defect, one with atrial septal defect, four with mitral regurgitation, six with idiopathic hypertrophic subaortic stenosis, one with myocardiopathy, and four with aortic regurgitation. In addition to the determination of electrocardiographic parameters from the grid and Frank lead systems as described for the normal patients, cardiac catheterization with biplane angiocardiography outlining the left ventricle was carried out. From these films, left ventricular end-diastolic volume was determined by the area-length method of Dodge and co-workers.17 After measurement of the left ventricular wall thickness on the same end-diastolic film, the left ventricular weight (LV Wt) was determined by the method of Rackley and associates. 18 Detailed descriptions of the electrocardiographic and angiocardiographic measurements used in this study have been published.5
Comparing the Lead Systems
Since the dipole moment derived from the grid system is a measure of the total electromotive force of the heart, it would be expected to reflect normal growth of the heart as well as hypertrophy. This premise was explored and verified in the normal subjects by relating L-MDM to body weight; the latter parameter, which is proportional to left ventricular weight (LV Wt),19-21 was used as the actual LV Wt which was not known in these subjects. On the other hand, the Frank system is customarily employed to measure only surface voltages. These do not change significantly with body growth,22 presumably because the increase in the electromotive force of the heart is masked by a concomitant increase in the size of the chest.
In a comparison of the two systems, analogous criteria should be used for both. This involves some difficulties because of the differences between the systems. The modified dipole moment of the grid system is obtained from integrated surface potentials together with individual factors of torso area. The Frank system records an equivalent single dipole, obtained by combining the resultant of surface potentials from seven electrodes and a fixed set of scale factors.
The latter were obtained experimentally from a saline-filled torso model of the human body. 23 Their use in place of individual torso measurements is based on the assumption that variations between patients are minor.
To obtain a pair of comparable criteria, the Frank L-MSV (maximum spatial voltage) of each subject was adjusted according to equation 1, using the same area-resistivity factors that were applied for the grid system. This adjusted voltage, L-MSVA, was then compared to the grid L-MDM.
As a first approach to the comparison, the coefficients of correlation between LV Wt and the grid L-MDM, and between LV Wt and the Frank L-MSVA, were computed and compared.
The above approach was next refined by taking into account information on age and body weight. An estimation equation for LV Wt for each of the two lead systems was developed. This was done in terms of a multiple regression analysis. The total set of predictors was as follows:
X= age (years) X2 =(X1) 112 X3= (XI)3/2 X4= body weight (kg)
The initial model was taken as E(LV Wt)-olo +f,8X, + . . .+,X where E (LV Wt) denotes the average of LV Wt for any given combination of predictor values. This model was reduced in successive steps of least squares fitting, until all the remaining terms were judged to be contributory (nommal P value of less than 0.05). From this analysis, comparison between the two lead systems was based on the accuracy of the respective final prediction equations. Further insight into the relative performance of the two lead systems was 
0R Results
The relationship between the grid L-MDM and body weight in the normal subjects is r :0482 depicted in figure 5 . These data together with age are listed in table 1. L-MDM ranged from 0.2 to 1.9 ma cm, with a median of 0. The relationship between the grid L-MDM and LV Wt for the patients with heart disease is shown in figure 6 . The correlation coefficient was 0.85, and the standard error of estimate from simple regression analysis was 79.3 g.
The relationship between the Frank L-MSV and LV Wt/m2 is shown in figure 7 ; the correlation coefficient was 0.51. The fact that indexed LV Wt, only deviations from normalcy are explored, while in relating the grid L-MDM to unindexed LV Wt, the electrocardiographic criterion varies also with normal N-ariation in heart size. The closeness of the relationship between the grid L-MDM and LV Wt can be compared to the relationship between the L-MSVa, from the Frank system, and LV Wt. The latter relationship is illustrated in figure 8 ; the correlation coefficient was 0.66. In terms of a test proposed by Hotelling,24 this value is significantly less than the r = 0.85 obtained with the grid system (P < 0.001). This comparison, then, permits the conclusion that the L-MDM computed from the grid system reflects LV Wt more closely than a similar criterion derived from The correspondence between val lated from this equation and tho observed are shown in figure 9 . ThE of correlation (multiple correlat cient) between these values was 0. standard error of estimate (sEE, 49.5 g.
For the analysis involving the MSVA, the final prediction equatior system. It was intended to explore the accuracy of this system in the assessment of * left ventricular hypertrophy and to compare it, in this application, to the performance of the figure 10 . The multiple correlation coefficient in this case was 0.90 and the SEE 67.4 g.
When a linear term of the grid L-MDM was added to the final regression model for the Frank system, a test of significance of the regression coefficients for the added terrn indicated that the grid L-MDM definitely conveys information not present in the Frank L-MSVA (P < 0.001). On the other hand, testing the significance of the coefficient for the Frank L-MSVA with this model indicated it to be redundant in the presence of the grid L-MDM, as the P value was 0.8.
Discussion
This study represents the first clinical application of the multi-electrode grid lead grid system is actually only 16 g over the value that wouild be likely to characterize a perfect estimation system.
Among reasons for the better performance of the grid system is the integration of surface potentials obtained from multiple electrodes. The importance of multiple electrodes in insuring a uniform current field was demonstrated by Reynolds and co-workers.26 Brody and Arzbaecher14 found that multiple electrodes over the chest could significantly reduce distortion of short axis components of the electrocardiogram, the so-called local bias. The large number of electrodes over the chest also helps prevent the substantial differences obtained from slight misplacement of individual electrodes that is common with systems utilizing only a few electrodes.27
CirculaIon, Volume XL, November 1969 Despite these theoretical advantages of multi-electrode systems, practical considerations have prevented their widespread clinical application. The grid system seems to have greatly overcome the problem of applying a large number of leads by having them platform mounted and by using nonpaste electrodes. In our tests the grid system could be applied, the factors of body size entered, and the components of the dipole moment recorded in only 3 or 4 minutes, less time than that required for a Frank or a standard electrocardiogram. Thus, a small number of leads is no longer a prerequisite for a practical lead system.
In addition to testing the accuracy of the grid multi-electrode system, this study represents the first clinical experience with the application of the dipole moment concept in the assessment of hypertrophy. The fact that body weight in this study proved to be an important consideration even when the dipole moment was used indicates that the latter did not in itself afford adequate adjustment for variations in torso characteristics. It is impossible to judge to what extent this reflects the fact that a constant value for tissue resistivity was assumed for all subjects. It is pertinent to note that recent observations28' 29 have demonstrated the existence of substantial variation in torso resistivity among individuals. A further experimental prototype of the grid system29 incorporates the capability of measuring torso resistivity and of calibrating the output of the grid for individual resistivity as well as area. It remains to be determined how much the use of individual resistivity values will improve the clinical usefulness of the dipole moment concept.
It is recognized that the summing of electromotive forces characterizing the present grid application masks local potential differences over the chest.30 31 The present results indicate, however, that this may be rather immaterial for the evaluation of left ventricular hypertrophy. On the other hand, the diagnostic value of these potentials in other disorders has been demonstrated,32' 33 and a Circulation, Volume XL, November 1969 new grid apparatus adaptable for both types of application has recently been developed. 28 
